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ABSTRACT 25 360

A method is presented for calculating the static and the dynamic
stiffuness and damping of the orifice restricted, externally pressurized '
zss thrust bearing. The bearing is an annulus and fed from individual
orifices. The orifices are treated approximately as point sources.
Assuming the vibratory amplitude to be small compared to the clearance

a finite difference procedure is used to solve Reynolds equation for !
the pressure developed in the film. A computer program has been written
arrd gives the results in dimensionless form as functions of 2 variables
(possibly 3 variables), namely flow parameters and a frequency nuﬁber.
!ﬂhe Wﬁé‘ for obtsimimg sctuwsl besring data from the dimensionless.

results is described.

One numerical example 1s given and compared to the earlier obtained,
less accurate line source solution. As expected the agreement is per-
fect for choked orifice flow but the difference rapidly increases with
decreasing orifice pressure drop. It is uncertain how much of this
difference is due to an actual discrepancy and how much is due to the
arbitrarily selected value for the feeder hole diameter. Further

calculations are needed to clear up the problem.

Finally, it is shown how the resuits may be presented in concise,
readily used design charts with a minimum number of graphs. It is also

indicated how the calculations may be used to determine the threshold

of instability.

The report includes instructions for preparing the computer input and

input forms. . /007({{
‘,~.J
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INTRODUCTION
In evaluating the performance of the externally pressurized bear-

ing the dynamic stiffness and damping play‘an important role. The
term "dynamic' refers to the effect of vibratory frequency on the
load carrying capacity of the bearing. Since the gas is compressible
the gas film acts as an airspring which stiffens as the frequency in-
creases. Furthermore, the load is not completely in phase with the

amplitude so that damping also exists.

It is the purpose of the present report to establish theoretical
analysis for the calculation of this stiffness and damping. A pre-
vious investigation (Ref.l) analyzed the dynémic performance of the
hydrostatic journal and thrust bearing assuming sufficiently many
orifices that they may be represented by a line source. In the pre-
sent report only the annular thrust bearing is studied but the gas
feeding is now represented more accurately by point sources. Several
methods are available for such an analysis as described later. In
the present study a numerical solution by finite difference calcula-
tions is chosen. Although this method is only approximate from a
purely mathematical point of view (especially the source represen-
tation) it is believed to resemble the physical conditions as closely

as a more refined analysis.

Briefly, the method is based upon the compressible Reynolds equation
interpreted as the continuity equation. At the meshpoint in the

finite difference mesh, where the source is located, the external flow

is introduced. Since the meshpoint represents a finite area the pressure
will have a finite value at the source. This differs from the accurate
solution where the pressure is infinite at the source. Furthermore, the
non~linear Reynolds equation is linearized by assuming small amplitude
and harmonic motion. No approximation is involved by the linearization
as long as only linear spring and damping coefficients are desired and

not the response due to a finite amplitude.




The report emphasizes the analysis and gives only numerical re-

sults for one example which is compared to the line source solu-

tion of Ref. 1. This comparison, however, furnishes some insight

into the approximations involved in the line source solution and

seems to give indications why the line feed solution will not al-

ways give reliable answers.




DISCUSSION

Approaching the problem of the dynamic load of the source fed
hydrostatic bearing several difficulties arise. There is first
the problem of bearing geometry. In this respect the journal
bearing presents two additional difficulties not existing in the
thrust bearing: a) the film thickness in the journal bearing is
not uniform; and b) the point sources in the journal bearing

do not have the same flow (source strength), requiring the solu-
tion of as many non-linear algebraic equations as there are sources.
Hence, in order to bring out the essential features more clearly and
to establish the general method of approach, it seems logical to
obtain the solution for the thrust bearing before attempting the
solution of the journal bearing. This is the purpose of the pre-

sent report.

The pressure in the gas film is given through Reynolds equation
which is a non-linear partial differential equation, see Eq. (1).
Assuming harmonic motion and small amplitude, a first order per-
turbation in the amplitude results in two linear partial equations,
one for the static pressure and one for the dynamic pressure com-
ponent. Each of the equations contains a source feeding term but
whereas the source strength for the static pressure appears as an
independent parameter the dynamic source strength is a function of
the dynamic pressure itself. However, this difficulty is easily
circumvented making the dynamic pressure the sum of two contributioné,
denoted G and H, such that in principle G is the frequency contribu-
tion and H is the dynamic source feeding contribution. Hence, the
total problem is reduced to solving 3 linear partial differential
equations: one for the static pressure Po, one for G and one for H.
Of these equations the one f.r Po and the one for H contains a source

feeding term.

Several methods are available for solving partial differential equations




- It is more crude and in itself not an exact solution unless used
to establish a limiting process. The method is a direct finite
difference solution of the equations including the flow from the
source. Covering the annular sector by a finite difference grid
the source flow is introduced only at the grid point where the source
is located. Since the grid point represents the neighboring area
as given by the grid size (i.e. Ar+A8) the solution depends on the
grid size. For this reason the grid size around the source is made
different from the overall grid size. Thus it is possible to specify
a feeder area which is independent of the number of mesh points. The
solution, of course, is then dependent on the feeder area but such that
for a sufficiently small feeder area the load is independent of this
area. It is seen that from a physical point of view the outlined
method may be more realistic than the more accurate mathematical.
solution. In the actual bearing the external flow enters the bearing
over a finite feeder area and not at a point. Whereas the described
finite difference method results in a finite pressure downstream from
the orifice the point source.solﬁtion yields an infinite pressure at
the source such that the downstream pressure is determined by the
pressure value at a specified distance from the source. Hence, the
point solution is as dependent on the feeder hole radius as is the

finite difference method.
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with a point source or in other words, to determine the corres-
ponding Green's function. One such method is given in Ref. 1 em=~
ploying a product solution and resulting in relatively fast con-
vergent infinite series. The disadvantage of the method is the
iarge amount of algebra with a correspondingly large effort of
computer programming and the possibility of numerical errors due
to computer round-off in the evaluation of the series. Other
zmethods of solution are based upon knowing the nature of the
singularity function. Thus the equation for the static pressure
P; is Laplace's equation where the singularity function is the
log-function. Hence, subtracting C * logr (C = source strength)
from PZ resultsin a non-singular equation with a well-behaved
variable but with somewhat complex boundary conditions. This re-
duced equation is more amenable to a solution than the original
equation and both analytical and numerical solutions may be ob-
tained. The difficulty arise when neither the singularity function
nor the source strength is known which is the case for the dynamic
pressure equation. The problem of determining the source strength

is eliminated as described earlier but the singularity function has
not been established. Referring to Eq. (15) it is seen that the
difficulty arises because the dynamic pressure is a function of the
static pressure PO such that P0 appears in a coefficient to the
variable. Po varies both radially and circumferentially and has

a singularity. Had P0 been a constant the solution would have been a
Bessel function and the singularity function a Neumann function of a
complex variable, i.e. logarithmic. Hence, it would be reasonable to
expect that the actual singulafity function is also logarithmic but
upon substitution into Eq. (15) this is not immediately obvious. It
is possible that this holds true in a limiting process but until this
process has been worked out the reduced equation offers no advantage

over the original equation.’

Based upon the preceding considerations an alternate method is developed.
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RESULTS
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s. weneral Data

The results
1. The

2. The
3. The
4. The
5. The
6. The

For a given bearing geometry only the 2 last parameters are true variables.

The ratio d/
has not yet
To cover the

for several

as obtained from the computer program contain 6 parameters:
ratio Rl/RZ’ where R, is outer, R, inner radius

ratio Rc/RZ’ where Rc is the radius of the feeder hole circle
number of feeder holes N

ratio d/Rc where d is the diameter of the feeder hole !
flow parameter q

frequency number o

Rc may also be a parameter depending on q and ¢ but its nature
been explored.
performance range of a given bearing geometry calculations

values of q and 0 are necessary. For the static load and

stiffness (0=0) the results may conveniently be given by graphs as

illustrated

W
T(R?-R3) R,

in principle below:

A
Ri/R,=
Re/R,=
N=
N=
N=
- d
FlG.1 e
! I
N=
R'/tr?z =
&V =
-~
FlG.2 -4

T

s ey




KSfa.ﬂc (l +v )‘ N;
(Rz 2)P -
R'/R -
L
Re/r, =
IRz
9
Fla,
]
where: Poc = orifice downstream pressure, psia, divided by
- ambient pressure Pa
At m . .
W" ZP ‘,)T( ) an orifice parameter to be determined as
v shown below
W = static load, lbs,
K papic = Static stiffness, 1bs/in.

C = film thickness, inch
The procedure for calculating the static load and stiffness shall be
outlined:

1. Based on the feeding hole geometry select a feeder hole diameter

d and use Figure 1 to determine UC = (Pic- 1) / q.

2. To determine q we have

(1B) 9= HVm,
2
_  6uNa %;E
where A = gy
p 2
vV = _s
P
a
u. = viscosity, 1bs-sec/in2
RT = (gas constant) - (total temperature), in2/sec2
a = orifice radius, inch
Pa = ambient pressure, psia
PS = supply pressure, psia
P k-1
_ M YQT B 1/k v
mO = ( 1 (V ) k

ﬂGP
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=
]

mass flow per orifice lbs-sec/in

<
]

vena contracta coefficient

ratio of specific heats

Combining the two expressions for q:
2

AV (T

(28) Avuc " A 0

where A% and V may be calculated and u, is determined above. Thus the
equation may be solved for the orifice pressure ratio ( o‘:/V) to get m,
The
right hand side of Eq. (2B) is the orifice flow and a typical curve is

and subsequently q. The solution is best obtained graphically.

!

given in Fig. 4, where the vena contracta coefficient has been included.

The left hand side of Eq.(2B) represents the bearing flow. Since the

, . . . 2
abcissa in Fig. 4 is (—35 - this flow is represented as a straight line

A |
with origin in ~ and slope V/A&uc. Where the line intersects the orifice

Vp

curve read off oc and m . Use the value of P /V to obtain LA from

v o’ oc’ At

V _ _ 9m,
%\?‘ a"/z‘%

Fig. 5 where:

Calculate q from equation (1B) and calculate the orifice parameter V.

3. With the found q value read off the dimensionless load from Fig. 2,

and multiply by n(Ri - R;)Pa to get the load W 1lbs.

4. With the found q value read off the dimensionless stiffness from

Fig. 3 and multiply by % K(R% - Ri)Pa / (1 + wuc) to obtain the static

stiffness in lbs/in.

5. The mass flow is obtained from:

WCSP
(3B) MT = 6,“ RT q— u’s/Sec

(in 1lbs/sec if QR T is inch)

Turning to the dynamic load it is the sum of two contributions, one stemm-

ing from the frequency, denoted AD,'B and Gc below and one predominantly

D
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-9-
from the dynamic source feeding, denoted CD) DD and Hc below.
The details are given in the analysis but the application of the
results shall be described in this section.
The computer calculates the dynamic load contributions AD’ BD’ CD
and DD and the source parameters Gc and Hc (complex numbers) as
functions of the flow parameter q and the frequency number 0:
2 !
_ Ruw(R
(4B) é= El C
where: ® = Frequency, rad/sec.
Hence, eight graphs of the general form helow are needed:
AD/ BDI CD[ DD A R|/ =
{6 m{GJ _R_fiz__ 4=
R}, S He} See:
N= d=
d=
9
Fig. b
Having determined q and computed 0 the 8 coefficients may be evaluated.
Then:
(5B) dimensionless dynamic stiffness = J 5 T = A, tE, G- FED
CW(RI-Rz)PG. ° pd D
wB
(6B) dimensionless damping = CL_')T(?,2~R:)& = BD+FD Cp +Ep DD
where ED and FD represents the orifice characteristic:
3
(73) E,+ L F, = t4-1rGe
b l+'lyDHc
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The equation has been left in complex form because VD may be complex.
To illustrate, let the volume in the feeder hole between the orifice
and the bearing be Vc in3. Let it be assumed that the gas pressure
in this volume is the previously determined downstream orifice pressure
P (dimensionless with respect to Pa)‘ Then:
. d NVC [l
(8B) Yo=Y+ T =Y +iV |
ch
It is seen that 7R2C ©expresses the ratio between total feeder hole
volume and the volime of the gas film. The larger this ratio becomes, *
the larger is the phase lag between pressure change and flow change.
b. Numerical Example
A numerical calculation is performed with:
R
EL = 1.5
2
Rc
= 1.25
2
d
z = .030
c
N = 12
q = 15
c = 5
The finite difference mesh is 8x 5. A maximum of 70 iterations are
performed, not enough to ensure full convergence but the error is not
larger than 4 percent. From the computer output: |
u, = ,6525
Re(G.) = .0029096 Im (G )= .1122
Re(Hc) = ,651l4 Im (Hc)= -.007389
POc =.3.2845
. 5413
) 2 2 *
% (R1 R2)Pa

—
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For dynamic stiffness: AD = ,001472
CD = .05708
= =.002546
For damping: p = .1340
CD = .1660
= -,007407

It is desired to compare this solution to the line source solution.
This is done for several pressure ratios as listed in Table 1. The
calculation procedure is: For given V, compute Poc/v (Pocgiven from
computer). Enter Figs. 4 and 5 to find m_ and WV/At. Calculate
[&= q/Vmo and y. Based on ¥-value calculate dynamic stiffness from
Eq. (5B) and the damping from Eq. (6B). Note, that in this case the
dimensionless damping has the form:

k@

to make it independent of frequency explicitly.

To illustrate the interpretation of the comparison in Table 1 take

V = 3.8 as an example. The first four columns list the values calcu-
lated from the point source solution above and let it be assumed for
convenience that they accurately represent the actual bearing. The

five next columns are the line source solution for the same values of
the feeding parameter At' Thus they give the load, stiffness and flow
that would be obtained if the line source solution was used for design-
ing the bearing with the same filmthickness as for the source solution.
For V= 3.8 a load of .7866 atm. would be expected whereas the actual
bearing at the same clearance can only provide .54l atm. Furthermore,
the flow would only be 15/23.52 = .64 of the expected flow. 1In practice,
however, the load is fixed and the desired clearance cannot be main-
tained. This is the reason for giving the four next columns in Table 1,
listing the line source results for the same load as the point source

solution (q,., =q ) and a comparison between the two solutions
line

point source
is carried out in the last three columns. It is seen that the actual
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clearance is only .877 of the expected clearance, the actual flow

P is .675 of the expected value and the stiffness is reduced to .452

of the expected stiffness.

Although this trend qualitatively seems to agree with some of the ex-
perimental data obtained by NASA it must be remembered that the given
point source calculation is based on an assumed feeding hole diameter.

! Whereas the load calculation is rather insensitive to changes in feed-

ing hole diameter this is not the case with the orifice downstream
pressure Poc' Since all other quantities, except load, are computed
on basis of Poc"it is necessary to perform several more calculations,
evaluating the effect of feeding hole diameter, before valid conclusions
! can be drawn. Thus the differences in results in Table 1 are largely

i due to the great discrepancies in orifice pressure ratio.

g It may be noted that the point source solution predicts negative damp-
ing for pressure ratios of 5.5 and larger, i.e. an unstable bearing.

! This should not necessarily be taken too seriously in the present case

7 since, as earlier stated, the computer results for AD and BD are ob-

: tained with a 4 per cent error margin. In calculating the damping this
: error is rather significant. Still, in principle, the computer pro-

: gram may be used to calculate the threshold of instability, occurring
when either the stiffness or the damping turns negative. Combining this
procedure with the above given equation for WD the influence of feeder

hole volume on the bearing stability may be assessed.

ry ol
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ANALYSIS

Fig. 7

is given through Reynolds equation:

l -
(1) ForLrizms 9F 1 T Fde

where ? is the density and R_ §eér

ot e 1t e emat R et R o

! r
(2) r=x h=

O |

2 2z
(3) %%[rﬁg—f]‘“%[’?%] =

where: 2
: 4 R
4y o= —M(f)
;. Fa. T
; _ bu N VAT
): (5) -A,-t— ch3
? P »
© V=%
_ MV&RT
i (7) m = 7\-611@

PSSR P -

d [- b - aﬁ] J [E’_aﬁ

h __]_ o(gh) M
S Fel T ot

The thrust bearing is an annulus with inner radius R, and outer

2

radius Rl' It is fed through N feeding holes located on the radius

Rc' The film thickness is h. The pressure P developed in the film

- R.dedF

orifice

is the flow per unit area from

the feeding holes. To make dimensionless set:

50|-o)

P= T=wt

and assume isothermal conditions such that §'=aff to get:

d(Ph) Ay
oT AeVm Soér

Frequency number
Feeding parameter
Pressure ratio

Dimensionless flow

“14~
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In order to determine the dynamic load let the dimensionless

film thickness be:
(8) h’-l"eeﬂ.

such that the motion is harmonic with angular frequency W and

amplitude Re (C&'C“"t) Exrress the pressure by:

(9 P=F,+¢e™ R ,
Assume €< so that:
(10) W =1-3¢e™
(1) P*=R'+2ee " RA
e’ om - a2
(12) m=m,+ V Poc a(gc)L“’ (E,P,)c = MO—ZEC T.A.tv (PoPl)c
where
A Im

' - - =t g

(13) Y 2P, ()(%)L:o

and subscript C refers to downstream of the feeding hole. Substi-

tute Eq.(9), (10), (11) and (12) into Eq. (13) to get:

LT R, &R _ _, W
(14) r r[r or ] + rde? ~4 dedr

or
Lo dRR] L SRR _ ( ==
(15) Fc-)l—'[ or ]+ rde? _q(P R)==-ighk [%Q- =Y (RR) ]a'eé'r

where:

(16) = L¢Vim,

Eq. (14) and (15) are to be solved with the boundary conditions:

R
(17) r= 2 : B=l P=0
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Steady State Pressure

The steady state pressure Po

=0 &—P':O

0o

derives from Eq. (l14). It is conven-

ient to make the equation homogenous by introducing.

2-—
(19) u= ‘P"q—l

so that Eq. (14) becomes:

) du du
(20) -F(F].-r dr] + rldez

with the boundary conditions;
R,
Re
r= P u=0
(21) R

Re

LY
dedr
0 u
6= T . 6'9‘=0
N

The equation is solved by finite difference methods as shown later.

In order to determine P0 it is necessary to find,q. This is done by

equating the orifice flow to

the flow through the bearing. The di-

mensionless orifice flow M, is a function of the pressure ratio V

and the dimensionless downstream pressure P

Z GN-BF T e

k-1

(22) Mg n

ot ()

Hence, from Eq. (19):

@ gl (-] =m

N4

-16-
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which may be solved for

-17-

P
—%S and m, and thus determine q =.A*V4n,

>

The solution may be obtained graphically as shown below:

m

\ m from eq.(22)

o o Gt ——— — g m— A e Ae— —— ————

\\\\ faﬁ%ﬁ%ﬁﬂ
: N
v | O v
HQB

The dimensionless static load becomes

W N
24) W(RI-RI)Fa — (omt= y?)
where:

_ R
(25) 1" R
@

Dynamic Pressure

g E [W -l]rdea(r

The dynamic pressure is P1 as defined by Eq. (9) and given through

Eq. (15).

(27)

£q.(27) may be used to express (POPlk in terms of G

(28)

BR). =

To solve Eq. (15) it is convenient to introduce:

RP=G+[ig -V (RR)]H

and H :
c c

Gt 3gH
I+ W H,

So that Eq. (27) may be written:

(29)

RP = G+

JLJL_;q
+ WH.
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I .

G and H are determined by:

(30) F"%[V C)G]‘*icl - i

or rioe? o G = -idh
1O OHY, &H _ I8, - _ 4
(31) rdr[r c)r-] * e I H = Sodr

!

1 in Eqs.(17) and
The equations are solved by finite difference methods as shown

The dimensionless dynémic load becomes:

where G and H have the same boundary conditions as P

(18) .

later.

\V$/tg _ 2hy%

wt] ("6 20-v6c["["n ]
G0 TrR-RIR - (- %) © [ Sl Lf"d"‘*” ‘ L p relodr
¥

where the real part of the right hand side applies.

For a better
interpretation of Eq. (32) introduce the abbreviations:

ZBVW 2 (s G
= N

AD+iBD= (,’71_ I/f.) N 3 rdrde
g 0
. N (7 5H
(34) C"ﬂD":(—"f—‘——VI‘)S “po-rdedr
¥ %o
.~ - 2a-VG

so that Eq. (32) may be written:

Wo

(36) L W(R*-R}P,

= Cee™t [ A+ E,G—F,D,+i(B,+ R +E,,D,,)]

.(o't . ‘wt
Since the amplitude is Cé£e' the velocity is W Cee'@?,
Hence, Eq. (36) becomes

W, = K-Cee™t + BiwCee™?

-18-
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where K is the stiffness and B is the damping coefficient, given

i in dimensionless form by:

K =
(37) m = AD+EDCD-FDDD

wB - '
(38) _é..h-(R.z_Rzi) Pq = BD+ FD CD + ED DD

In order to make the dimersionless damping coefficient independent

of frequency explicitly Eq_ (38) can be given the alternate forms:
_B___ N {BD+F;,CD+E,,DD
(39) 2N/T
(/)'1_ [/a;l

M R (%) - d”]"
M QT B _ 4Mg | By+RGtED
(40 prpd S 2N/
a K, ]
. (’q"-l/arl)

It should be noted that w represents the change in orifice flow due
to a change in the downstream pressure. Hence, if the feeder hole
volume is appreciable, or if there is a recess, there will be a phase

lag between flow and pressure change causing W to be complex:
(41) Y=1yle?

Theoretically W) and (P could be determined by measuring the flow M
as a function of Sinusoidal changing downstream pressure Pc:

Pressure} Flow
pPsra Lbs fsec

POCI Mo




=20~

. Then: .
: 2
: lw' = 3'MN QT. AM —_ _@_. Pa , AM
: (42) mcl RcaR ¢ Realk Mo
where RT is given ininch, P and 4P are psia and & M is lbs
; > Toc c sec.

.
fi3

Finite Difference Equations

Eqs(20), (30) and (31) are solved as finite difference equationms.

The

annular sector is subdivided into m radial increments, and n circum-

ferential increments.

The feeding hole is 1 increments from the inner

edge. In order to represent the feeding area independently of the overall

mesh size additional grid lines are provided around the feeding hole such

best shown by a figure:

(A .
that the feeding area becomes J. = %R< (feeding hole diameter)z. This is

Let the variables u, G and H be represented by y.

finite difference equation becomes:

Then the general

A4 Ar‘l-t)
: + . 4
LT A N S s | (n 7 [ch 9:—»:] p Y ﬂ]
(43) Y =<AG+§+2)9‘:J*'+ f-4 2)9‘,1-'!’- (MO +46:-8) 8614 +A6i—{ +l6&,4)2(ﬁrnt+ z-{)+ § Wew
; J AVt 4 ANt |
é h + n (ﬁf + h ) ' + | .F_ISL ll( + )
Ay AN T (nepgtaory) (B8 deit | By 2 VAN TN

i SV

ey

e T
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+ This equation applies to u, G and H with the modifications:

u for d=0 in eq. (43)

44 Y= G for l"Z;rA“;O in  eq.(43)
H  for 8 B’,q 3 (Ar+1+AV] ,) =0 in eg. (43)
2 The boundary conditions are: | :
Yiy =0
(45) Yemy =0 .
" Yo,) =Yz,
Yntd, = Ynay,

Eq. (43) is solved numerically on a computer by iteration. The load

integrals are evaluated by Simpsons rule:

! "

\ (46) g xdr = %r[ (£X|+2Xz“3,"x3)+ (Xz+4X3+2x;,+ - - = +“1X¢-,+X<)

: (qt+grtns —— — — — — =t

e ar-24 (ar) 4

e +(AY‘ g (e 4ey) + >8(ar-3) (XitXps) + E Xene )
i

VRO AT

(Xeay tHXeos P o ¥—— — — — ==~ +4xm + me)

i o {38-a0 (A& r0-24 (y#4x, = == FXpp HEAX 6 3, ,)
SN g Xde = [ X, T + % +

: ° ¢ %loe-d) " b ¢ = (X3+4X4"'2X5+ T~ '”tx..ﬁ )(mz)

e TR g T
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Static Stiffness and Damping

%. " As 0 0 it is seen from Eq. (31) that H becomes real and that

Eq. (31) reduces to Eq. (20) so that H = u. Furthermore, for small
values of 0 G becomes proportional to ¢ as seen from Eq.. (30).

Hence, in the limit G becomes purely imaginary and is determined

a5

from the equation:

. | 2
RN A TCL AER )

o Trdet - Tk |

Therefore, in calculating the stiffness only H contributes, i.e.

n &

Kstatic - %Q _ N Y d
Fr-rh ~ THyuc A ) ) Vivaw rdrde

When ¥ is real the static damping becomes:

(49)

A S At £ WA AT

AR

T 25

B~ 24N [ g"’s"m}/é 2 7AR T ]
O AR T LU R T T g | Vg e
? Stability

Returning to Eq. (36), giving the dynamic load, it is shown through
Eq. (37) and (38) that the real part represents the stiffness, the

S S ET

imaginary part the damping. Restricting the motion to be purely
translatory, instability occurs when either the damping or the stiff-
ness is negative. Thus the treshold of instability may be determined
by setting either Eq. (37) or (38) equal to zero. For a particular
calculation (i.e. given geometry, flow parameter q and frequency
number &) the only variable is ¥ which, however, may be complex as
explained previously. Since Eq. (37) and (38) afford tﬁo independent
criteria each equation has actually two unknowns. It is convenient
to solve each equation for the imaginary part of ¥ as a function of

the real part of ¥ which is in general known, being given by Eq. (13).

Both equations are quadratic.

TR e ks o s N W

AU SRR A ST L S

s
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1.

CONCLUSIONS

Finite difference calculations can be used to solve the
dynamic, source fed thrust bearing. The primary problem is
to establish a method for selecting the effective area over

which the gas enters the bearing.

The number of computer calculations can be minimized by a

proper choice of variables and parameters.

The dynamic stiffness and damping as well as the static load
can be computed for the source fed thrust bearing. The thres-
hold of instability may be evaluated including the effect of

feeder hole volume.

Indications are that the solution agrees with test results
but only one numerical example has been obtained at present.
The solution may be used to evaluate the previously established

line source solution. One such comparison is given.




RECOMMENDATIONS

1.

Compare the solution to experimental data to check the
validity of the analysis and to evaluate the effective

feeder hole area,

Upon completion of item 1, perform enough calculations

to be able to make general design charts.

Extend the method to the externally pressurized journal

bearing. .

-2 -
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APPENDIX

IBM 1620 Computer Program Pl,. .38: Static and Dynamic Stiffness
of Source Fed Thrust Bearing

The input form is given on page 34. Below follow the instructions
for preparing the input.

Card 1

1

Text Col. 2-52. This card is used for identification of the calculation.

Card 2
FORMAT 8° (1X14)

Word 1 gives the number, m, of radial subdivisionsused in the finite
difference calculation, see Fig. 10. page 20 . Hence,.the radial in-
crement becomes Ar = (Rl-Rz)/m. Around the feeding hole the program
adds two additional subdivisions automatically to account for the

actual feeding hole dimension. These two subdivisions should not be

included in m. m must not exceed 25.

Word 2 gives the number, n, of circumferential subdivisions of the

angle ®/N for use in the finite difference calculation, see Fig. 10,

page 20 . The circumferential increment thus becomes A8 = (n/N)/n.

Around the feeding hole the program automatically adds a subdivision

to account for the actual feeding hole dimension. This subdivision should

not be included in the count for n. n must not exceed 13.

Word 3 gives the distance from the inner radius to the feeding hole as
a number of radial subdivision Ar. Hence, the limits for the word are
1 < word 3 £ (m-1), As before, word 3 does not include the sub-subdivisions

added by the program automatically. Word 3 defines the radius of the feed-

gy e e

ing hole circle Rc:

i

R-R i
(18) R.= R, + (word 3)* “m

T
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The program operates on dimensionless quantities such that all ;

radial dimensions are made dimensionless with respect to R . With
c

Rl/RZ given as input the program uses internally:

(38) MRS Y

R Re |
(24) Y~ —R-: = |+ = (word 3)
R _ e,

Word 4 gives the total number N of feeding holes per 360°. Ssince

there is symmetry around all radial lines through the feeding holes

and all radial lines half way .etween feeding holes it is only

necessary to calculate the pressure distribution for a radial sector
between two such radial lines. Therefore, the sector extends over

an angle n/N, see Fig. 10, page 20.

Word 5 NQ is the number of flow parameters q given in the input

list bslow. NQ may not exceed 50. If NQ=0 the program only computes

Sy

U Idaraniy N N DU U S S
e G Ree SL. I0T, TERgE L0, ant Toe T JLET LaRLOI L& gLiEl

case the O-1list is not used and should therefore be excluded

h =T
Al Cuid

lon

y setting NSIG=0.

«

Jord & NSIG is the number of frequency numbers O given in the input list

-t

below. NSIG may not exceed 25. If NSIG=0 no oO-list can be given. Hence,
the program only calculates the static load based on the gq-list. Note,
that in this case only one pressure computation is performed by itera-

tion, i.e. for calculating u.

Word 7 gives the maximum allowable number of iterations per calculation.
If the calculation has not converged after the specified number of itera-
tions the program prints out the results and proceeds as if convergence

had been achieved.

P e TR
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word 8 If word 8 is 0O the program returns to read in a new set of
word ©
-out data upon completion of the present input set. If word 8 is 1

me vy A~ » " 3o -
INEITERR SIOPS wpon SOEpLleddn of She

5

proFont 1apul sel.

Card 3
FORMAT 5 * (1XEl13.6)

Word 1 gives the ratio Rl/R2 of the outer radius to the inner radius.’
Word 2 gives the ratio d/RC of the feeding hole diameter to the radius
of the feeding hole circle. Note that RC is given indirectly through
word 3, card 2. The program uses d/Rc to calculate the area over which
the external flow enters the bearing. The program replaces this actual

circular area by a square of the same areas with sides &5, i.e.

(&) 5= E(2)

Then the program adds two radial sub-subdivisions, each of size &, and
one circumferential sub-subdivision,size &, around the feeding hole as

shown on Fig. 10, page 20. It is necessary that § be less than both Ar
and A8, i.e.

R,
—4— < 2 R =l
(58) Re ~ VT m+(§ ~1)(word 3,card2)
T/
(64) %C <

ILf this is not the case adjust m and n accordingly.

Word 3 gives the relative convergence limit BR for the finite difference
calculation. Let the variable be denoted yiJ as in Eq. (43), page 20 .
After the Kth iteration the program calculates:
™ (k) (k-1)
ZZI%'“M , -§. =A
ZZ Iy R
‘4.

Y

Relative convergence is achieved when AR < 0. Note, that for y complex

(78)

only the real part is used in forming ARf A typical value is SR = ,001.




Word 4 gives the absolute convergence limit SA for the finite difference
. calculation. Let the variable be denoted yiJ as above. After the k'th *

iteration the program computes:

(88) Z, = ZZ ety

Y

Based on this value and the two preceding ones an exponentially ex-

trapolated sum is determined:

2
ZK-ZK-I
(9A) Z: =2+ (?_Z(-,"? jzm)

The program computes:

IZ—:—ZKI _
(104) T =8 = Ay

Absolute convergence is achieved when AA” <0. The extrapolated sdm cannot
be calculated unless 3 consecutive values of Zk are available., Also Z:
cannot be determined unless the Zk—sequence is monotonely increasing
with decreasing slope. If these conditions are not satisfied the pro-
gram sets arbitrarily Z:= 1038 and AA = 1. For further details see
Ref. 2. A typical value is 5, = .00l to .005.

It should be noted that the number of iterations for convergence in-

creases rapidly with decreasing 8A. Hence, &, should be made as large

A
as possible consistent with the desired accuracy. Also note that in
general absolute convergence is more difficult to obtain than relatiwve .

convergence.

Word 5 gives the limit SX for iteration extrpolation. After the k'th

X
iteration the extrapolated sum ZK is calculated from Eq. (9A) above.

When the sequence of i:" values is monotonely increasing such that:
x x ¥
Zk-l — ZK-L -8, <40 z, —'2- 20
(11A) b x ko ez
x 3
- x
- Th .
! — J){ < O Zx Zl\'-a éo

Ze




‘ k) x
then the calculated yiL( distribution is multiplied by EE/Z; to speed
up the convergegce of the iterations. Hence, 8, determines how ''smooth"

2:: must be before extrapolation is performed. A typical value is
5. = 0.005.
X

LIST OF FLOW PARAMETERS ¢

FORMAT 5- (1XE13.6)
(only if NQ0) '

Up to 10 cards with 5 q-values per card may be given. The total number

q is the dimensionless flow
as given by Eq. (16) and determined as shown by Fig. 2.

total bearing mass flow M

of q-values is given by NQ, card 2.

The actual

is:
0 2,3
- TRC lbs
(124) Mo = b RT ¥ e

., lbs-in
( when RT is Toe )
LIST. .OF FREQUENCY NUMBERS ¢
FORMAT 5+ (1XEl13.6)
(only 1if NSIC +0)

ol
e

to 5 cards with 5 ¢o-values per card may be given.

N
iy
)

The total number
“vELLRA Dd plven by TRIG, 4exd 2. 4

ARSI CH S S S SO N USRS i;gg“;g;y

given through Eq. (4), page.l4 .
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OUTPUT

The output first lists the dnpnr weloes, Neab Follrea o Jlab tf bhe
convergence of the u-calculation, given in 6 columns. The first
column gives the iteration number. The column "REL.CON" gives the
relative convergence error Ay, Eq. (7A). The column "ABS.CON" gives
the absolute convergence error By Eq. (10A). Note, that both Dy
and A, must be zero or negative for convergence. The column ''SUM"

is the summation of the variable over the complete field, Eq.(8A).
The column "EXT.SUM" is the exponentially extrapolated sum, Eq.(%9A).

The last column 'COUNT' gives the number of iterations after the last

Hh

ield extrapolation. Thereafter the u-distribution is listed, labeled
""(PO*%2-1)/Q DISTRIBUTION. The value of u at the orifice, u_, is also
given in the heading. In listing the u-distribution the following

convention is used:

lnner Radius

Orifice P
Outer Radius
Inner Radius
Y l
! ‘
| Sljhm\efrb line
—1y between orifices
| .
I
L
Outer Radius

Next follows the first q-calculation. The static pressure distribution

(Po-l) is given and the dimensionless static load:

0 b - ____\’__\/____
"STATIC LOAD" = Frge—ri|p

a

R



After this the program calculates G and H for each frequency number

8. The G-calculation comes first with an iteration list followed by
’the G/Po-distribution, both real and imaginary part given. Note, that
the distribution is G/PO, not G, whereas '"'RE(G)-ORIF' and ''IM(G)-ORIF"

gives G itself at the orifice, i.e. GC. Each distribution is followed

by the value of the integrated distribution with the labels: °
“"STIFFNESS" use in calculating K (Eq.(37))
2 2
1 (R ~R,)P
= 1 727 a
C
“DAMPING 1" use in calculating B 3 (Eq.(39))
KR, (E_l_)
C
" " . . B RTM,
DAMPING 2 use in calculating 7 (Eq.(40))
Pa Rl

The output for the H-calculation is completely analogous to the
G-calculation. For each frequency number a G and an H calculation
is given as described above. When all frequency numbers have been
used the next q-calculation starts, giving first the static pressure
and the static load. Then each frequency number is repeated as

described above.

Program Operation

The program is written for'the IBM 1620 computer with 60,000 bit
storage. It is written in FORTRAN I and the program deck does not

include subroutines. Input and output are on cards.

To give an idea about the computing time it took 90 minutes to run the
calculation for the included numerical example. The field is 8°5

and 3 distributions are calculated, each with 70 iterations. Since

the actual field is (841)°(54+2)=63, this means 1.2 seconds per point.
Hence, for the same desired absolute convergence limit of .5 per cent

the time may be estimated from:

Computer time = (1/4 + NQ * NSIG) - [(m + 1)(n + 2)] 2 seconds ‘




Note that the number of iterations for convergence increases

roughly linearly with the mesh size, being about 70 iterations

for 63 points. However, the magnitude of the feeding hole

diameter also influences the number of iterations.

-33-
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INPUT _FOR IBM 1620 COMPUTER PROGRAM

PNO138: Static and Dynamic Stiffness of Source Fed Thrust Bearing

-

Card 1 Text, Col. 2-52

Card 2 FORMAT 8 °* (1XI4)
1. m: Number of radial subdivisions (m < 25)
2. n: Number of circumferential subdivisions (n< 13)

3. Number of subdivisions from inner radius to feeding
hole. 1 < item < (m-1)

t

N: Number of feeding holes per 360°
NQ: Number of flow parameter values,,in input list (NQ < 505

4
5
6. NSIG: Number of frequency number values,0 ininput list (NSIG < 25)
7 Maximum allowable number of iterations

8

If O: more input follows. If 1l: last set of input

Card 3 FORMAT 5 - (1lXE13.6)

1. Rl/Rz: Ratio of outer to inner radius

2. d/RC: Ratio of feeding hole diameter to radius of
orifice circle

3. SR: Relative convergence limit
4, SA: Absolute convergence limit
5 SX: Limit for extrapolation criterion

List of Flow Parameters: g FORMAT 5 * (1XE13.6) Only when NQ> 1

List of Frequency Number:d - FORMAT 5 - (1XE13.6) only when NSIG> 1
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-35=-

8.271055E~04 1.CUC0UUE=TUU

Ge327734E-00

NSl EERDYNARMTC S TIFFRNSOF SOURCE FED THRUST BRG. 0
05T CASE 9=-5-63 J.LUND RD 57 0
& N J-0OR NeOR NeQ NeSIG CALC INP c
e 5 U 12 1 1 70 1 0
T ORLARZTTTTTTTTRC/RE ORF <D, REL.LM ABS LM EXe LM G
1+50U0CE~GU 1425000E-00 3.00000E-02 1.00000E~-03 5.00000E-03 5.00000E-03 0
SLOW PARAMETERS Q : 0
T 1.500000E%01 «0000C0E=99 +000000E~99 «0C0000E=-99 .000000E-99 0
TRCQUENCY NUMBERS STGMA 0
5000000E-00 «000000E~-99 «000000E~99 «000000E-99 «00000CE~99 0
MO IT REL «CON ABS«CON SUM EXTeSUM COUNT
T 9. 9900C0E=UT LIl+<000U00E-00 5+071565E=0L 1.000000E+38 1
2 44232983E-01 1.000000E-00 84809366E~01 1.000000E+38 2
TTTBTTT2 ILI8B0E-0T 2e074943E~-00 I.211379E~00 3.730980E-00 3
4 2.012163E-01 2.649480E-00 1.518431E~00 5.549078E-00 4
TSI 601496E-01 3.05T427E-00 1.810133E-00 7.353535E-00 5
6 1¢329211E-01 34170977E-00 2.090033E~00 8.727930E~00" 6
T T I32563E=0T  Z2.988991E-00 24359637E-00 9.419650E-00 7
8 9.824009E~02 2+672869E=00 2¢619607E=00 9+634573E~00 8
T 9TTTEV633TE2E=02 2e352914E-00 2.870291E-00 9.638192E-00 9
.10 7e665102E~02 24070922E~00 3¢111936E~00 9.572075E-00 10
LT 686 10GBES0Z L1e833797TE~00 3+344768E~-00 9+495118E-C0 1T
12 6e183258E~02 1e4637126E-00 3¢569019E-00 94429798E-00 12
~T13 5v60LET5I9E=02 1«4 72725E=00 3e78&49354LE=00 Q+378027C-00 13
14 5¢105326E~02 1334150E~00 3.992771E-00 9¢339693E~00 14
ST VST T8E=02 121813 TE-00 4+ I92794E=00 9e312771E-GO 5
16 4e289121E-02 1e114260E-00 44385268E-~00 94293526L~00 16
T17TTT T3 95 T9TTE=02  1.025734E=00 L4e570463E-00 9.281395E=00 7
18 3.652178E-02 9e¢4TT484E-01 4e748640E=00 9+.272900E-00 18
ISRV E8YI0TESOZ  Be 78796 1IE-01 4e920080C=00 G.268391E~00 19
20 3.143180E~02 84172777E=~01 54084975E-00 9.266238E-00 20
21T T T2 925 684E=07 T<61I97T8E=0T  5¢243631E-00 9.265118E-00 21
22 2.728521E-02 7e119795E-01 54396266E-00 94265278E~00 22
i 256491 T3ETUZ . 6+667534E=01 5+543109E~00 9266 712E=00 23
24 4e7T4176E~02 1.000000E-00 9.162204E-00 1+000000E+38 1
TTTSTTTTTEY09948UE=07Z T« 0OUUUUUE~=UU e 1 38338E=0U  [-0UU0UCU0ULF3TY Z
26 2.150869E-02 14000000E-00 9.134973E~-00 1.000000E+38 3
2T T I TZU356ER02 T.00C000E=00  Y.139043E=00 1[+<000C00TEFZ8 G
28 1¢392227E~02 "1«000C00E=-00 9¢145464E-00 1.000000E+38 5
T29TTTTIV13944%TE=02 1.000000E=00 9.152158E=00 T.000000E+38 3
30 9¢391084E-03 44580431E-03 94158408E-00 94246149E-00 7
3T T 79081 7E=03 T Te 8574 E=04 9 I6&4USUE=0U 9.2 16455E~00 3]
32 Ce588068E-03 —84542870E-05 94169121E-00 94214183E-00 9
23T 5. 589685E=03 =1 483465E=04 Yl 7/37ITE-00 9218225E=00 10
34 4eT741555E=03 1e439772E-04 94177937E-00 9.225148E~00 11
257 TG 292204E=03 1+0UUUUUE: 7 9e226486E~00 1+000000E+338 I
36 3.585118E~03 14000000E~00 94228283E~00 14000000E+38 2
T 37T 3.0178U3E=03 1.00UUUUESUU  Je230124E=00 T<CCUQTUEF3E 3
- 33 2546458E-03 14217489E-02 94231945E-00  94390502E-00 K3
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NOMENCLATURE

a = Orifice radius, inch

AD,BD,CD,DD == Dynamic load components, see Eqs. (33) and (34)

B = Damping coefficients, lbs-sec/in.

C = Clearance, inch

q = Feeder hole diameter, inch

‘ED’FD = Dynamic orifice parameters, see Eq. (35)

G,H = Dynamic pressure components, see Eq.(27)

GC,Hc = Values of G and H at orifice

h = Film thickness divided by clearance

i,3 = Finite difference coordinates, Fig. 10

K = Stiffness, lbs/in.

k = Ratio of specific heats

L4 = Number of subdivisions from inner radius to orifice
M,M = Mass flow through one orifice, lbs-sec/in.

M. f = Total bearing mass flaw, lbs-sec/in.

m = Dimensionless orifice mass flow, see Egs.(7) and (22)
m ' = Dimensionless orifice mass flow under static conditions
m = Number of radial subdivisions

n = " Number of circumferential subdivisions

N = Number of feeder holes per 360°

Pa = Ambient pressure, psia

PS = Supply pressure, psia

P = Film pressure divided by Pa

P = Dimensionless film pressure under static conditions




R-T

[}

Dimensionless downstream orifice pressure, static conditions

Dimensionless dynamic pressure

i

AEVmO, flow parameter
Outer radius of thrust bearing, inch.
Inner radius of thrust bearing, inch
Radius of feeder hole.circle, inch
Radial coordinate divided by R

c

2 2
(Gas constant) * (Total temperature), in"/sec
Time, sec.
2 . . .
= (Porl)/q, dimensionless static pressure
Value of u at orifice
=P /P , pressure ratio
s'"a
Volume of feeder hole, in3
Load, 1bs.
Dynamic load, 1bs.
RC/R2
Radial and circumferential subdivision
Error in absolute covergence
Error in relative convergence
Subdivision around feeder hole
Absolute convergence limit
Relative convergence limig
Limit for extrapolation
Vibration amplitude divided by clearance
R,/R
c

1

Angular coordinate, rad.

“lity =




Sf‘p ¢}

7".,.

Viscosity, 1bs-sec/in2
Orifice vena contracta coefficient
2
Density, lbs-sec /in4
Rc?.
=(12wb/Pa) : (—E), frequency number
=Wt, dimensionless time
P
= - (At/ZPoc) -Bm/BC{?, orifice flow coefficient

Frequency, rad/sec.



